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Model compounds descriptive of the arrangement of bases at the
mRNA 5'-terminus were observed via phosphorus nuclear magnetic
resonance. Molecular modeling of the compounds was employed in
order to assess the alignment of various segments of the mRNA
5'-terminus.
Information generated by the study indicates that the bases at
the ends of the 5'-5' phosphate bridge exert an influence on the
electronic environment of the atoms which comprise the bridge.
Proton coupled phosphorus magnetic resonance spectra Indicate that a
gauche-gauche arrangement' exists about the C-5'—0-5' of the rlbose
molecules. An In-plane arrangement of the bonds which extend from
the proton of C-4' to the adjacent phosphorus atom is also
indicated. This alignment restricts the bases to existence in the
anti-domain. A correlation between structure and base at the
penultimate position is generated.
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The study of life unfolding presents a vast array of questions.
A complete set of answers would divulge the secrets of the numerous
diverse patterns which evolve into the expression of life as mankind
understands it. One of the central paths in the life cycle is the
manner in which the cells transmit precise information for the
formation of identical cells as well as other varied functioning
cells. A key role in the specific informational flow of living
matter involves the participation of ribonucleic acid (RNA) in
protein synthesis. These macromolecules are intimately intertwined
in the informational flow in living matter (1). The informational
flow (genetic information) in cells is represented as: Deoxyribo¬
nucleic acid (DNA) — RNA — Protein (2). A distinct form of RNA,
messenger ribonucleic acid (mRNA) was conceptualized by Francois
Jacob and Jacques Monod in a paper published in 1961 (3). This mRNA
was recognized as a direct intermediate in the protein synthesis
scheme. mRNA has been demonstrated to be modified, via alkylation,
at certain positions (4). One primary region in which mRNA is
modified is at the 5'-terminus (5). This 5'-terminal modification
«
results in a structure in which the 5'-terminal base is seven
methylguanylic acid joined via a 5'-5' pyrophosphate linkage to the
adjacent base (6). A generalized structure of the 5'-terminal
structure is depicted in Figure 1. The modified structure at the




m G* ppp* NmpNp
^ i
5' TERMINAL REGION COOING PORTION
ApApApAp [Apj^ApApApA
t TERMINAL poly A REGION
Fig. 1. The sequence of mRNA atyt^f 5’ region. The above sequence
can be abbreviated as m'G^ ppp^AmpA. Bottom part shows the
schematic representation of mRNA connecting the terminus
with the coding portion via a looped region.
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found In a wide range of organisms (6). The organisms in which the
cap structure has been found include all eukaryotes and a large
number of viruses (6). mRNA's 5'-terminus consists of a unique
arrangement of bases. The sequence of nucleotides which comprise
the mRNA 5'-terminus has been described by words ranging from
bizarre to essential (7-11). The routine, systematic, and orderly
occurrence of such a structure implies an essence of physiological
importance. The structure at the mRNA 5'-termini (cap structure)
has been demonstrated to be essential for efficient and viable
translation of the mRNA's which contains a "cap" (12,13).
Having tendered an important physiological function for the cap
structure the science of biochemistry dictates that an investigation
of a possible structure-function relationship be performed. Effects
generated by this unusual sequence of nucleotides on translation, or
more precisely, at the initiation of translation may be scrutinized
by observing their solution conformation. Nuclear Magnetic
Resonance (NMR) is a very useful tool for observing the solution
conformation. Analysis of spectra obtained from NMR experiments
yield detailed structural Information. The information obtained may
provide some insight into the microenvironment of selected nuclei.
The structural relationship of nuclei to each other may then be
determined. Knowledge of the structural relationship of nuclei and
the in space arrangements of the various parts of the biological
macromolecule yields an overall configuration. Configuration of the
4
mRNA 5'-terminus (cap structure) has been studied by proton NMR of
model compounds (14). The mRNA 5'-terminus has several distinct
features, one of which is a 5'-5' pyrophosphate bridge.
It would appear to be advantageous to study the configuration
of the "cap" structure via this extraordinary 5'-5' pyrophosphate
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bridge. Phosphorus ( P) nuclei are the central element in the
pyrophosphate bridge and since they have a nuclear spin of one-half,
phosphorus nuclei then should produce a resonance line in NMR.
Structural Information may then be obtained from phosphorus magnetic
resonance spectra of the cap structure and/or cap structure analogs.
Phosphorus configurational analysis of mRNA 5'-tenninal analogs may
lead to a more thorough understanding of the cap structure and the
relationship of the various segments to each other.
Material in this thesis represents nuclear magnetic resonance
experiments utilizing the phosphorus nuclei in order to assess the
influences of the different segments of the mRNA 5'-termini on the
pyrophosphate bridge. The mRNA 5'-terminal analogs were also
studied via computer assisted molecular modeling using the Prophet
nationwide computer network. The molecular modeling served as a
basis to enable us to obtain a three-dimensional representation of
the cap structure analogs (15).
LITERATURE REVIEW
The mRNA 5'-Terminus
Arrangement of the Bases in the Cap Structure.
mRNA is thought to be derived from heterogenous nuclear RNA
(hnRNA)(16,17). hnRNA is thought to undergo processing resulting in
a mature, smaller mRNA sequence (6). There are several reviews on
the details of RNA processing which summarize the pathway of hnRNA
to mRNA (18-22). This review will concern Itself with the resultant
mature mRNA and its properties. Existence of a 5'-terminal blocked
structure in mRNA was first demonstrated in 1974 by Reddy and
coworkers (23). The 5'-terminal blocking structure (cap) has
several interesting features, two of which are indicated below.
(a) The initial base (capping base) is seven methyl
guanoslne (m^G). The only known exceptions are Slndbis
Virus mRNA, which contains a small percentage of 2,2,7
m^G and insect oocyte mRNA, which has guanoslne as the
terminal base (12,24).
(b) The initial base is joined to the base at the
penultimate position via a 5'-5' pyrophosphate linkage.
This 5'-5' linkage results in an Inverted linkage between
the two bases (12).
Cap structures have been proven to exist almost universally
in eucaryotic mRNA's. Higher eucaryote cellular messengers have
been demonstrated to possess a variety of 5'-terminal capped
sequences. A minimum of twenty-seven 5'-terminal sequences have
5
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been observed. The penultimate base may be any of the four
6 2’
regularly occurring bases of RNA or the hypermodified base N ,0
6 III
dimethyl adenosine (N mA , methylated also at positions 6 and 2’).
The third base of the sequence also may be any of the standard four
bases of RNA (12). A sequence of bases of the type
m^G(5’)ppp(5')C™pUp appeared more often than any other sequence at
the eucaryotic mRNA 5'-terminus. Possibilities exist for the
different mRNA 5'-termini to be designated for specific classes of
mRNA or to have some particular functional significance.
Physiological Importance of the Cap Structure.
Viral mRNA's and cellular mRNA's exhibit varying degrees of
methylation in their respective cap structures. The "caps” are
divided into three groups based on their 2'-0-methyl nucleoside
content (25);
(a) type 0; m^G(5’)ppp(5')X
(b) type 1; m^G(5')ppp(5')XmpY
(c) type 2; m^G(5')ppp(5')XmpYmpZ
m represents a 2'-0-methyl substituent and in some instances X may
6 2'
be the modified nucleotide N ,0 -dimethyl adenosine. The general
complexity of the "cap" appears to be related to the complexity of
the organism in which the structures are found (25). The more
developed the genomic structure of higher eucaryotes the greater
the increase in complexity of the cap structure and its adjacent
bases. A phylogenetic trend is indicated when the 5'-terminal
7
sequences of mammalian mRNA's and those of lower eucaryotes are
compared (12).
The 5'-terminal sequences have been demonstrated to have an
Important role In the Initiation of translation (26). Several
studies have revealed the Importance of the cap structure for
translation by comparing mRNA, which lacked the cap structure, or
by removing the cap structure from the mRNA by enzymatic or
chemical means (27-29). These studies Indicated that nearly all
mRNA's which lacked m^G were poor templates for protein synthesis.
The m^G facilitation of binding mRNA to ribosomes was demonstrated
by experiments with the capped biopolymers. The polymers,
7 ni 7 in,
m GpppG C(U)^ and m GpppG C(A,C)^, were used. These biopoljrmers
were demonstrated to bind more efficiently to 408 ribosomal
subunits than the corresponding uncapped ribopolymers (30). The
mRNA cap structure also has been shown to protect the messenger
from 5'-exonucleolytlc degradation. mRNA's of cytoplasmic
polyhedrosis virus (CPV) in which the 5'-m^Gp was removed were
found to be less stable than the intact mRNA when placed in wheat
germ extracts (13). Removal of caps is thought to serve as a
possible means of negative translational control. Capping and
methylatlon also have been espoused to participate in some
undetermined manner in the processing of mRNA (31).
Conformational Analysis.
Nucleotide and mRNA conformation: mRNA's 5'-terminus is
considerably involved in the initiation of translation (12).
8
H. F. Lodlsh has stated that, "there is genetic and biochemical
evidence that the conformation of the RNA affects initiation of
translation of the synthetase protein" (32). A discussion
demonstrating the conformational parameters of the components of
the mRNA 5'-terminus may enable one to evaluate the various
parameters which contribute toward the overall structure.
The nucleic acid's overall conformation is quite complex. The
backbone of nucleic acid is a highly charged polyelectrolyte, which
is composed of four different types of structures, except in
instances where the bases have been modified. There are
limitations on the possible configurations due to geometric and
steric constraints.
Conformation and conformational changes which occur as the
nucleic acids perform their various biological functions may be
coordinated with bond rotations according to H. R. Wilson (33).
Wilson suggests that unusual conformation is closely correlated
with activity, eg., the activity of 6-azauridine is correlated with
its unusual conformation around the C(4')-C(5') bond (33).
A major impetus for studies on the structure of RNA is to
elucidate the molecular mechanism of protein biosynthesis and the
role of the conformation of the mRNA, tRNA ribosome complex (34).
Sundarallngham al. contend that studies on phosphodlester
conformations show that the Internucleotide P-0 bond rotations are
considerably restricted (34). The restriction is thought to arise
9
from the unfavorable sterlc and electrostatic repulsive
Interactions between the phosphate groups. There appears to be
essentially five favored conformational domains for the
polynucleotide phosphodlesters. These domains may be broadly
classified as: (1) g“,g- (gauche-, gauche-); (2) t,g- (trans,
gauche-); (3) t,g(+) (trans, gauche(+); (4) g(+),g(+) (gauche(+),
gauche(+); and (5) g(-),t (gauche(-), trans)(34). Sundarallngham
also states that: (1) the nucleotide building blocks are
conformatlonally constrained or rigid so that they preferentially
assume two major types of conformations in the sugar ring (C(3')
endo) and (C(2') endo);(Figure 2). Variations in the sugar pucker
are thought to influence the conformation around the glycosyl
(sugar-base) and backbone (C(4')-C(5')) bonds; (3) oligonucleotide
conformations are formed mainly by rotations around the bonds of
the phosphodiester linkages; (4) short range intramolecular
interactions are mainly responsible for the stability of the two
preferred states of nucleotidyl units: (a) similar short range
intramolecular interactions, i.e., base-base, sugar-sugar, sugar-
base, sugar-phosphate, and base-phosphate appear to provide the
rigidity to polynucleotides. These interactions also promote the
regularity or purity of the sugar and phosphodiester conformations
in helical structures (35).
The nature of the phosphate group (bulky and charged
character) allows it to markedly constrain the conformation of a
nucleotide. In nucleotides the electrostatic attractive
interactions between the 5'-phosphate group and the base tend to
10
Flg« 2» The two major conformations of the sugar ring
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stabilize the gauche conforaatlon about the C(4’)-C(5') bond (35).
Base modification at C(8) of the purines and C(6) of the pyrimidine
may be expected to distort the backbone conformation, and the
glycosldlc conformation as a result of sterlc and electrostatic
Interactions. Substitution of a bulky atom or group (l.e., halogen
or alkyl) at carbon 8-purlne, and carbon 6-pyrlmldlnes results In
sterlc Interference between the base and the sugar phosphate
backbone (35). Distortions In the glycosyl conformation may result
In a conformational Intermediate to the normal anti and syn
conformations (35). Sundarallngham proposes that distortion In the
backbone C(4’)-C(5') bond Is mainly a result of electrostatic
repulsion between various substituents on the base and the
phosphate group. Sundarallngham then suggested: "This emphasizes
the fact that the backbone C(4')-C(5') bond exhibits more
susceptibility to distortion than does the glycosyl bond” (35).
The main structural features of nucleic acids have also been
Investigated by R. H. Sanaa. Sanaa details the nucleic acids as
having three main structural features: (a) a flve-membered sugar
ring, rlbose for RNA; (b) the heterocyclic bases, adenlne-guanlne,
cytosine and uracil In RNA, which are attached to the Cl* of the
sugar ring In the configuration; (c) the phosphodlester linkage
joining the nucleotidyl units (36). A complete structural and
conformational analysis Involves the determination of the preferred
12
orientation or minimum energy conformation of a molecule. This
Includes determining the orientation about (a) the sugar base
torsion (glycoslc torsion); (b) the mode of pucker of the sugar
ring; (c) the backbone torsion angles.
Glycosldlc torsion angles are defined as: 01’-Cl'-N9-C8, X
(purines) and as Ol’-Cl'-N1-C6, X (pyrimidines)(37). The sugar ring
of rlbose Is known to exhibit a non-planar puckered conformation
(38). Single crystal data on nucleic acid components show that the
furanose ring mostly exists In a conformation In which either C(2')
or the C(3’) atom Is displaced toward C(5') away from the plane of
the other ring atoms of the sugar moiety. The conformation In which
2
C(2’) Is displaced Is designated as E (C(2’) endo) and the
3
conformation In which C(3') Is displaced as E (C(3’) endo)(see Fig.
2). A few other ring twists and envelope conformations have been
reported for the furanose ring structure (39). The backbone torsion
angles for the mRNA 5'-terminus Is Illustrated In Figure 1. Several
Important conformers associated with the backbone are the rotamers
about the C4'-C5' bond and the rotamers about the C5'-05' bond
(Figs. 3 and 4). These rotamers are Interchangeable In aqueous
solution and are Influenced by several factors. Including the nature
of the base, the value of x, and furanose ring puckering (40,41).
mRNA's 5'-temlnus has the modified base m^G as Its Initial
base. Effects of seven methylatlon on the conformational parameters
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Fig. 3. Staggered rotamers about the C5'-05'
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Fig. 4. Classical staggered rotamers about the C4’-C5’ bond.
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The increase in gg population on going from guanosine to
7-methylguanosine may originate from a difference in the 0(5') H
.... N(3) Hydrogen bonding which is possible in syn conformers. The
opinion of Sarma is that 5'-phosphorylation of the nucleosides has
no effect on the conformational preference about C(4')-C(5') in the
guanosine series suggesting that nucleotides are not any more rigid
than nucleosides, which is contrary to the views of Sundralingham
(42). The observation of rigid conformation about C(4')-C(5') of
m^G(5')p, m^G5’pp, and m^G(5')ppp is a reflection of the intrinsic
and genuine physical properties of these molecules which enable an
electrostatic interaction between the base and the phosphate groups.
31
In order to monitor the electrostatic interaction P-['H] NMR
spectra of the pairs, G(5')p and m^G(5*)p, G(5')pp and m^G(5')pp,
7
G(5')ppp and m G(5')ppp was obtained. In the case of triphosphate
the 6 phosphates shift to higher field by 23 Hz; the a and 3
phosphates also shift to higher fields by 15 and 10 Hz,
respectively. Similar observations are also noticeable for the
pairs, G(5')pp and m^G(5')pp. The direction of the shift is that
expected for electrostatic interaction as has been shown by Sarma
and Mynott (43).
Surprisingly, the data for G(5')p and m^G(5')p do not show a
31
substantial difference in chemical shift of P nuclei. An
16
explanation is that the Internal compensation of the upfield shift,
due to electrostatic Interaction, Is somewhat negated by comparable
downfleld shifts which can originate from the torsional changes
which accompany 7-methylation of G(5')p. The conformational changes
that accompany the 7-methylatlon of G(5’)p, G(5’)pp and G(5')ppp,
though in general similar, are not Identical.
Generally, the rlbose ring of common nucleosides and nucleo-
2 3
tides (at neutral pH and physiological temperature) exist as E E
equilibrium mixtures (see Figure 2) with a bias of approximately 60%
2
for E conformer. Inspection of rlbose conformer populations for
nonmethylated and for methylated systems reveal that 7-methylation
has a decisive influence (42), (data Indicates a 13-24% Increase In
3 3
E conformers). The Increase in the percent E conformer closely
follows the number of phosphate groups Introduced. Seven-methylated
3
di- and triphosphates tend to populate in E conformation, an
initial observation of where purine 5' nucleotides show a preference
3
for the E pucker in aqueous solution.
Irrespective of mono-, dl-, or trlphosphorylated, or whether
7-methylated or not, all nucleotides showed an overwhelming
preference for g'g’ orientation (*^0= 180®) about C(5')-05'. A
large change in conformational preference about C4'-C5' accompanies
a modification from 7-methylated nucleoside to corresponding
nucleotide. The population of gg orientation ('f^c = 60®) increases
on 5' mono-, di-, or triphosphorylation of m^G. A possible
17
reason for this could be electrostatic interaction between the
positively charged (N7) and the negatively charged phosphate groups.
In the gg conformation the distance between the phosphate oxygens
and N7 is at a minimum compared with the alternate gt (^c = 180°)
and tg (ipc = 300“) conformers. Phosphorus chemical shift data
substantiate the possibility of electrostatic interaction.
Particularly noteworthy is the occurrence of a substantial
difference in chemical shifts between the y phosphorus of m^G(5')ppp
and G(5')ppp. The dimer m^G(5')ppp(5')Am conformational parameters
7
indicate that m G(5’)p and 'p(5')Am of the dimer demonstrate a
significant preference to orient the C(4*)’C(5') and C(5')-0(5')
backbone in the staggered conformation where t}; = 60“, $ = 180“.
7 3 2
m G(5')p prefers E pucker an^d -p(5*)Am prefers E pucker.
Comparison of the dimer to local conformations about the sugar ring,
C4'-C5' and C5'-05' bonds indicates that monomers essentially
conserve their conformation in the dimer.
Molecular topology and intramolecular order of the dimer
information may be obtained from a comparison chemical shift data
for both monomer and dimer. The data indicates that the two
nucleotidyl units at the 5'-ends of the triphosphate bridge interact
with each other, changing the effective field felt at the various
protons.
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As a result of this interaction the chemical shifts of the two
residues undergo drastic changes. The protons showing negligible
changes are H4’, H5' and H5” of the m^G(5')p residue. The H5' and
H5” of the -p(5')Am residue shifts to lower field. The remaining
protons of both residues are shifted to higher field by as much as
60 Hz. From the observation that H8 and H2 of the -Am moiety and
the seven methyl group of m^Gp moiety are shifted to higher field.
It immediately becomes apparent that the two aromatic systems
probably Interact with each other. This Interaction most probably
occurs via parallel stacking. It should be emphasized that the
interaction between bases occurs while the nucleotidyl units
maintain very similar conformation for ribose C4', C5', and C5*-05'
bonds as in monomers. Hence, this Intramolecular stacking
interaction must be made feasible by torsional variation around the
phosphodlester bonds of the triphosphate bridge, i.e., in
maintaining the four possible types of stacking, the only changes
are in X^, Xj^, wc, wc^^, wc2, w'c2, wc2> and w'Also, because of
the Inherent flexibility of the various phosphodlester linkages in
aqueous solution it may be that the dimer m^G(5 * )ppp(5 ’ )Am exists as
a conformational blend of the various stacked arrays and extended
forms.
Among the various conformational possibilities in aqueous
solution the A-A stack predominates and the molecule has an inherent
19
proclivity to form A-A stacked arrays. Dimerization and stacking
necessitate the readjustment of in the dimer compared to the
valves in the monomer (44).
The study of the conformational effects of methylation of
ribose and seven-methylation of guanosine greatly facilitates an
understanding of the spatial configuration of the mRNA 5'-terminus.
An observation as to the effect of methylation of the base or sugar
on the conformational properties of dimers suggest that one of the
roles of methylation may be to induce local conformational changes
in the biopolymers.
Nuclear Magnetic Resonance
Resonance Theory; Linus Pauling (in 1924) suggested that some
atomic nuclei may have the properties of spin and magnetic moment.
Placing these nuclei inside a magnetic field would lead to a
splitting of their energy levels as a result of the above two
properties (45). In 1946, Bloch and Purcell, at Stanford and
Harvard, respectively. Independently demonstrated the absorption of
electromagnetic radiation which resulted in transitions between
energy levels of the nuclei in a strong magnetic field. Chemists
perceived that the molecular environment of the nuclei influences
the type and magnitude of absorptions by the nuclei in the magnetic
fields. A change in the absorption due to molecular environment was
correlated with molecular structure of molecules. In 1952, Bloch
and Purcell were awarded the Nobel Prize for their
20
discovery (46). The growth of I'JMR has been tremendous since then.
NMR as a technique has been invaluable and has drastically
influenced all areas of chemistry. This report will concern itself
with phosphorus NMR of the mRNA analogs. NMR theory, as an
31
introduction to phosphorus ( p) nmR will be discussed briefly. An
in-depth treatment of NMR theory may be found in reviews by Pople,
Sternhall, and Silverstein (46,47,48). Elements which have nuclei
possessing nonzero spin have nonzero magnetic moment values and may
exhibit resonance. All nuclei with an odd atomic number possess the
property of spin. Nuclei having an even atomic number may be
spinless if the mass number is even, or have spin if the mass number
is odd. The simplest nucleus, the proton, has a spin value I of
one-half. Nuclei possessing both spin and, charge have a magnetic
moment proportional to the spin, i.e.:
I ■
is the magnetogyrlc ratio of the nucleus
§ is a nuclear g factor
6^ is the nuclear magneton (49)
Placing the proton in a steady magnetic field H, an interaction
occurs between the field and the magnetic moment which may be
represented quantum mechanically as:
H = -y H, which is of the formn ’
H = -Y h HI = (^5)
21
A nucleus having spin I when placed in a magnetic field has (2I
+ 1) possible orientations. These orientations may be thought of as
low energy (parallel orientation) and high energy (anti-parallel
orientation). The nuclear magnetic moment parallels itself with the
field; the nuclear magneton ^ and g factor is positive for the
proton. The spin orientation of positive one-half corresponds to
the parallel or low energy orientation, with spin value of negative
one-half being the high energy orientation. The distribution of the
nuclei between the two levels is governed by Boltzmann's
distribution so that: /N^j =* e- Ae/RT. corresponds to the
number of nuclei in the low energy orientation, and Ng corresponds
to the number of nuclei in the high energy orientation. The energy
difference between the two orientations, AE is equal to g^B A
slight excess of spins exist in the lower energy orientation .(a )
than in the higher energy orientation (B )(A9).
Transitions are induced between the two nuclear spin levels by
applying an oscillating magnetic field to the system perpendicular
to the steady field H. The resonance condition which must be
satisfied in order to induce transitions is: hv = g 6 H, which is°n ^n
the energy difference between the two levels (49). Resonance
absorption results in observation of a spectrum characteristic of
the nuclei. Different nuclei have varied and distinct values of
nuclear g factor and spin. This results in diverse values of




Phosphorus l^MR: P NMR began to be a tool of practical value
for the study of molecular structure and analytical applications by
31
1955 (50,51,52). The observed P nuclei, if present in chemically
different environments, will yield separate absorption peaks for
31 31
each kind of P environment (53). The phosphorus ( P) nucleus,
which represents one-hundred percent of natural phosphorus, has a
spin of one-half (as is that of the proton) and a magnetic moment
which is low but sufficient for the NMR experiments. This results
31
in a straightforward direct observation of P resonances.
Hybridization of phosphorus, which may involve mixed s, p, and d
31
orbital participation causes interpretation of P chemical shifts
to be quite a formidable task (54). The s, and p orbital
contributions especially the ir term contributions are proposed to be
the most important in relation to sizeable parameters according to
Letcher and Van Wazer (53,55,56). Phosphorus is a constituent of
many important biological substances and in many bio-molecules there
are usually one to three phosphorus atoms. The resonance lines of
phosphorus may then result in an uncomplicated spectrum.
31
Nucleotides have phosphate esters as one of their components and P
NMR has been used as a probe of nucleotide conformation (57). An
31
analysis of phosphorus chemical shifts is important for use of P
31
NMR in conformational analysis. The theoretical basis for P and
other heavy atom chemical shifts results from both a diamagnetic and
a paramagnetic contribution (58).
23
The paramagnetic term which yields the dpminating contribution
was considered too complex to be described by a few gross parameters
by Mavel (54). The paramagnetic term op for an atom A may be
thought of as;
2,2._ 2 2 -3 .-1.
a = -e h /2m c < r > „ (AE ) SQab
p 2p' ar"^ B AB
The terms of the equation;(i)r-3 2p is the mean inverse cube of the radius for atom A's
2p orbitals.(ii)E is the average electronic excitation energy.cl
(iii) is a function of the charge-bond order density matrix
elements between atoms A and B (59). Correlations between charge
densities and chemical shifts may be due to the expansion or
contraction of the p orbitals with charge variations. This
_3
alteration of p orbitals affects (r )(59). Theories of this nature
generally account for major trends in heavy atom chemical shifts,
31
but small changes are not well correlated. P chemical shifts in
phosphate dlesters correspond with calculated phosphorus electron
densities as well as the full paramagnetic term (60).
31
An empirical correlation between phosphate P chemical shifts
and O-P-0 bond angles has been theorized (60). This theory is based
upon;
31
(1) The P chemical shift of phosphates is generally
insensitive to the chemical identity (R or H) of the group
bonded to the phosphate oxygen.
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(2) The chemical shift is sometimes sensitive to the
ionization state of the acid.
(3) Association of divalent metal ions and hydrogen bonding
31
donors has little effect on the P chemical shift, other
than that explained by a shift in the pk.
(4) Cyclic five-membered ring phosphate esters are shifted
downfleld from their acyclic counterparts by 15-20 ppm
while cyclic six-membered ring esters are shifted upfield
by 2-11 ppm from their acyclic analogs.
According to the author. Van Wazer and Letcher used quantum
mechanical calculations to demonstrate that three factors appear to
31
dominate the P chemical shift: (a) electronegativity differences
in the P-X bond; (b) changes in the ir-electron overlap; and (c)
changes in the t^-bond angle. Other authors have suggested that a
change in bonding resulting from bond angle changes may be an
explanation for these shifts. Blackburn, compiling all the known
cyclic ester chemical shifts concluded that the ring shifts must
arise from a "complex stereoelectric effect" not explainable by
present theory (53).
In unstrained phosphate mono- and diesters the O-P-0 bond angle
is the same (103-104'*) in both the free acid and mono anion.
31
Therefore, no shift is expected in the P signal. Ionization of a
second proton results in a significant reduction in the bond angle
to (102**) and, hence, a downfield shift (4 ppm). If indeed a simple
25
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relationship exists between bond angles and P chemical shifts,
with other factors playing a minor role, then these shifts may in
turn be used to define solution structures. One other observation
by Gorenstein is that B. J. Patel (chemical shift vs. 16% H^PO^^)
noted a substantial- downfield shift of 1.7 ppm in the diester
phosphate signal for a Watson-Crick type d-pGpC dimer upon
complexation with actinomycin D (60). A proposed model for this
complexation, based upon crystallographic data has the aromatic ring
of the actinomycin intercalated between the stacked base pairs of
the dimer. This model requires an expansion of the O-P-0 diester
bond to approximately IIS'* (Gorenstem suggests an expansion
31
109‘’-110‘’). Thus it may be possible to utilize P NMR spectroscopy
to define structures of complex phosphate esters, particularly the
31
biochemically important nucleotides. This implies that P chemical
shifts of phosphate esters are sensitive to changes in O-P-0 bond
angles and ester torsional angles. Model system studies on single
and double-stranded nucleic acids suggested that a phosphate diester
in a gauche,gauche conformation should resonate several parts per
million upfield from a diester in a non-gauche conformation. It,
therefore, has been suggested that stereolectronic (bond and
torsional angle) differences are responsible for the 7 ppm spread in
31
the P signals of the t-RNA.
The stereosensitivity of phosphorus chemical shifts and also of
phosphorus proton couplings in P-0-C-C~H systems is an important
26
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justification for determining P-[ H] couplings by P NMR as
opposed to NMR. One other explanation is the avoidance of
complex NMR spectra. This could conceivably allow easier and
more accurate determination of the spectral parameters (61,62). The
31 1
P-[ H] spectra of 5'-mononucleotides consists of a triplet, due to
3
J (P-H) coupling to the protons C5' and C5". Each line of the
triplet is divided into a close doublet caused by coupling to the
proton of C4, ^J(P-H^,). The value of (P-H^,) is 4.9 Hz and is
virtually independent of pH (over the range 1-12), temperature,
nature of the base and presence of a 2'-hydroxyl group (61).
Constancy of the coupling indicates that the orientation of the
05'-C5' bond remains unchanged under those perturbations. The
coupling value is consistent with a gauche-gauche conformation.
4
Coupling of J(P-H^,) has been found to be sensitive to pH changes
and structure of the base and rlbose group. A maximum value of
4
J(P-H^,) is approximately 2.5 Hz and corresponds to a coplanar W
arrangement of the P-0^.-C^,-C^,-H linkage (see Figure 5). This all
trans structure has been found in dlnucleotldes and is not affected
by pH in these structures.
27
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Ftg. 5. A. The inplane zig-zag ’W path between H4' and P when
C4'-C5* and C5'-05' are in gg and g'g' conformations.
B. Perspective drawing of the anti(a) and syn(b)
orientations about the glycosyl bond. In the anti
conformation the bond system between HI' and H7 has an
inplane zig-zag geometry (boxed regions). In the syn
conformation, the zig-zag pattern is destroyed and the
C4'-C5' is gt. In the anti conformation note the inplane




Guanoslne (5')p, Guanoslne (5')pp, and Guanoslne (5')ppp,
ethlenedlamlnetetraacettlc acid (EDTA), Sodium Phosphate and
Tris-HCl were purchased from Sigma Chemical Company, Inc.
G(5')pp(5’)G and G(5')pp(5')A were synthesized in our laboratory by
Dr. N. K. Bose. G(5’)pp(5’)G, G(5')pp(5')A, A(5')pp(5')A,
A(5’)pp(5’)C, A(5')pp(5’)U, G(5’)ppp(5')G, G(5’)ppp(5*)A,
G(5')ppp(5’)U, G(5»)ppp(5')C, m^G(5•)ppp(5*)G, m^G(5»)ppp(5»)A,
m^G(5')ppp(5' )U, and m^G(5')ppp(5')C were purchased from P. L.
Blochemlcals, Inc.
Deuterium Oxide, 10 mm NMR tubes. Vortex plugs, and vortex plug
removers were obtained from Wllmad. Trimethyl phosphate was
purchased from Aldrich Chemical Co., Inc.
Instrumentation
A Bruker WH-250 NMR spectrometer was employed in the obtainment
of broad band decoupled spectra. This spectrometer Is a
multlnuclear Instrument having a resonance frequency of 250
MegaHertz (MHz), and equipped with an Aspect 2000 Computer. The
computer is able to run the entire library of Bruker-Spectrospln
software. Initial spectra were obtained using FTQNMR. FTQNMR is a
fourier transform NMR Program of approximately ninety commands which
allows both sophisticated NMR experiments and routine NMR
experimentation. Experimental conditions and parameters used in the




1) Nucleus observed P under broad band decoupling
2) Solvent: Tris-HCl. pH 7.0 1 mM, lock compound D2O
3) Reference (Internal): Trimethyl Phosphate (TMP)
4) Experimental temperature was 303“K
5) Peak positions determined by the computer after the Instrximent
operator sets the reference peak and minimum intensity threshold
316) P nucleus radiofrequency for the instrument is 101.27 Mega
Herta (MHz)
7) A sweep width of 10,000 Hz was routinely used
8) Acquisition time of 0.819 secs per sweep
9) Quadrature Phase pulse and detection was employed
10) 16K data points were routinely used for data analysis
11) Exponential line broadening was employed in spectral processing
for noise filtering
DISNMR, which is a completely disk-contained FT Program, became
available in 1980. FTQNMR was subsequently replaced by DISNMR. The
function of the two programs is essentially the same.
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Proton coupled and broad band-decoupled P NMR spectra of
selected molecules were obtained employing use of the high field 600
MHz NMR at Carnegie Mellon Institute. This instrument is a high
field multinuclear instrument integrated into the "Institute’s"
in-house computer system. This instrument utilized a correlation
NMR Program for analysis of spectral scans. Experimental conditions
31




1) Nucleus observed P under 'H-coupled and H decoupled
conditions
2) Solvent: sodium phosphate, pH 7.1, employed also as an internal
lock (homonuclear lock is inorganic phosphate)
3) Reference (Internal) Inorganic phosphate
4) Experimental temperature was ambient room temperature
5) peak positions determined with aid of the NMR computer program
after the operator sets the reference peak and mlnlmxim intensity
threshold
31
6) P nucleus radiofrequency for the Instrument is 243.1 MHz
7) A 2,'000 hz, sweep width was routinely employed
8) Acquisition time of 1.5 seconds was required
9) 4K Data points were routinely used10)Resolution enhancement was normally used in processing the
signals.
NMR Spectral Analysis
Samples were prepared for spectral analysis on the Bruker
WH~250 by dissolving in a Tris-HCl buffer pH 7.0 containing 20%
deuterium oxide (D2O) and a trace of ethylenediamlnetetraacetic acid
(EDTA), and trlmethyl phosphate. D2O was an internal lock, and
trlmethyl phosphate was the Internal reference. EDTA was added to
complex with any metal ions which may exist in solution. Removal of
metal ions by complexatlon results in better resolution of spectra.
31
The P NMR spectra were then recorded at 101.27. MHz.
Several of the cap structure analogs and their unmethylated
31
counterparts were spectra analyzed by P NMR employing the 600
31
MHz NMR housed at Carnegie Mellon Institute. These samples were
dissolved in sodium phosphate buffer pH 7.10. Sodium phosphate
served as a buffer. Internal lock and as a reference. EDTA was
added to serve as a complexlng agent in the event metal ions were
present. The spectra were then recorded at 243.1 MHz.
Assignment of Spectra
Assignment of the various resonances were made by spectral
31
comparisons. In all cases the P nuclei exhibited shifts which
were well upfield of the reference. This allowed for direct
analysis of the spectra with computer assistance. Comparison of the
spectra of the various analogs was used as an aid for identifying
the respective resonances (5).
Molecular Modeling
Three-dimensional projections of the cap structure analogs were
obtained through the use of the Prophet System. The molecule
facilities of the system enable a user to generate a molecule by
constructing an atom by atom sketch, or by addition of groups of
atoms (small compounds) to generate a molecule. This sketch
represents the primary sequence of the molecule. Refinements may be
made on this primary sequence in order to obtain a more exact
representation of the molecule. Some refinements which may be made
are: (1) bond lengths, (2) bond angles, (3) dihedral angles, and
(4) chirality. This primary sequence information is then used to
generate a minimum free energy structure (15,63-67). Structures
32
are generated by using base stacking, hydrogen bonding, and free
energy values obtained by literature reviews on the physico-chemical
properties of RNA oligomers and homopolymers. The program then
attempts to determine the thermodynamically favored minimum free
energy structure. Several refinements may be obtained In order to
achieve a best fit of the possible structures. The proposed
structure may then be manipulated to assume various
three-dimensional orientations. Perspective views of the three
dimensional orientations may be made. The In space arrangement of
the atoms of the model compounds may demonstrate which portion of
the mRNA. 5'-terminus affect the environment of the phosphate.
RESULTS AND DISCUSSION
31
Investigation of the model compounds by P NMR generated
spectra which are very similar but demonstrate shifts in the
resonances of the individual nuclei. This difference between the
resonance frequencies of the individual nuclei may be attributed to
the dissimilarity of environments in which the nuclei exists. This
dissimilarity of environments of the phosphorus nuclei is
accompanied by spectral peaks having different resonance frequencies
with substitutions of the base at the pentultlmate position.
31
Figures 6 and 7 illustrate the observed P resonance of the
phosphorus nuclei of G(5')pp(5’)G and G(5')pp(5')A. These spectra
depict only one line indicating that the phosphorus atoms are
equivalent. Table 1 lists the resonance frequencies of the
phosphorus nuclei when there are two atoms in the phosphodlester
bridge. Comparison of the resonance absorptions of the molecules in
Table 1 leads to the belief that substitution at the pentultlmate
position of one base by another of the regularly occurring bases of
RNA results in different environments experienced by the nuclei
involved in the 5'-5' phosphodlester bridge. Figures 6 and 7 also
demonstrate that both phosphorus nuclei bonded to the 5'-oxygen of
the rlbose resonates approximately 14 ppm upfield from the
reference.
The phosphodlester bridge system of the mRNA cap analogs





Fig. 6 Broad band decoupled P spectrvuniof G(5’)pp(5')G recorded





Broad band decoupled ? magnetic resonance spectrum of
G(5’)pp(5’)A recorded at 101.27 MHz.
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Table 1. Chemical shifts of dinucleoside 5'-5' phosphates.^j^One
resonance line in the spectrum suggests that the P
nuclei exist in magnetically equivalent environments.
Upfield shifts of the resonance line are observed when the
symmetry of the molecule is perturbed. The upfield shift
may then be related to the unsymmetrical nature of the









phosphorus nuclei having resonance frequencies in a region
approximately 14 ppm upfield of trimethyl phosphate (TMP)(Flg.
8-11). The group of molecules having three phosphates in the
phosphodiester bridge yields a multiplet in the region 14 ppm
upfield and an additional multiplet further upfield (25-26 ppm of
TMP). The multiplet in the 14 ppm region has an integrated area of
2:1 when compared to the multiplet in the 25 ppm region. This ratio
was consistent for all the moleclules studied having three
phosphorus nuclei in the 5’-5' phosphodiester bridge. This
indicates that the phosphorus nuclei Immediately adjacent to the
31
ribose (those P nuclei bonded to the 0-5' of the ribose) resonate
in the 14 ppm region and the other phosphorus nucleus (the
phosphorus nucleus juxtaposed with the two end phosphorus nuclei)
resonates in the 25-26 ppm upfield region.
Examination of the spectrum (Figure 8) for G(5')ppp(5*)G yields
what appears to be a doublet in the 14 ppm upfield region, and a
triplet in the 25 ppm upfield region. The same type of spectra are
found for G(5' )ppp(5 ' )A and G(5' )ppp(5' )U (Figures 9 and 10). The
spectrum of G(5')pppC(5')C (Figure 11) depicts a complex multiplet.
The G(5')ppp(5')C spectrum suggests that the phosphorus nuclei
bonded to the ribose 0-5' exist in different magnetic environments.
The multiplet in the 14 ppm region gives the appearance of being
formed from two sets of doublets. The spectrum of G(5')ppp(5')C
under close examination with expansion along the X axis (see
38
Fig. 8. Broad band decoupled spectrimi pf G(5' )ppp(5 ' )G recorded
at-101.27 MHz. The reference trjLmethylphosphate is the




mark • 5.0 PP"
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Fig. 9. Broad band decoupled P spectra of G(5')ppp(5’)A recorded
at 101.27 MHz. The sharp line at the extreme left is








mark = 0.5 PPM
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Fig. 11» Broad band decoupled P spectra of G (5’)ppp(5*)C
recorded at 101.27 MHz.
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Fig. 11) reveals broad unsytnmetrical line shapes. This suggests
that there may be concealed lines and/or overlapping of some lines
of the multiplet. The separation between the lines of the multiplet
for the molecules, G(5' )ppp(5' )C and m^G(5' )ppp(5 ' )C does not yield
resolution, however, the lines resemble the pattern expected for an
ABX spectrum. The series of molecules having m^Guanosine as the
initial base with different bases at the pentultimate position
yielded spectra showing some separation of the lines in the
multiplet 14 ppm upfield of the reference (Figs. 12-15). This
series of spectra demonstrates broad unsymmetrical lineshapes
indicative of ABX spectra which are not clearly resolved. The
spectra also reveal a shift in the resonance frequencies. Expanded
plots of the G(5')ppp(5')C, m^G(5')ppp(5')G, m^G(5*)ppp(5’)A,
m^G(5')ppp(5 ' )U, and m^G(5’)ppp(5')C (Figures 11-15) clearly
demonstrate that the multiplets in the 14 ppm upfield region arise
from two nuclei. These two nuclei are almost identical magnetically
but slight differences are observed.
The shift of phosphorus nuclei to higher fields is indicative
of electrostatic interactions as proposed by Sarma (7,43). Tables
2, 3, and 4 list the frequencies where the phosphorus nuclei of the
cap analogs resonate. In the series of analogs beginning with
G(5')ppp(5')G substitution of the base at the pentultimate position
to form G(5’)ppp(5’)A, G(5’)ppp(5’)U, and G(5’)ppp(5')C were
43





Broad band decoupled P spectra of m G(5*)ppp(5’)A
recorded at 101.27 MHz.
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Fig, 14. Broad band decoupled P spectra of m^G(5 ' )ppp(5')




Broad band decoupled P spectra of m G(5')ppp(5')C
recorded at 101.27 MHz.
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GpppG A* 2 14.145 1431.552
B*
X 1 25.785 2609.715
GpppA A* 2 14.606 1478.272
B*
X 1 26.173 2648.926
GpppU A* 2 14.649 1482.544
B*
X 1 26.474 2659.912
GpppC A 1 14.528 1470.337
B 1 14.715 1489.258
X 1 26.257 2657.471
C s)
may be any of the regularly occurring bases^of ribonucleotide
acid, guanine, adenine, cytosine, uracil, or N methyladenine.
^ ^ The notation A, B, X is used to indicate nuclei of differing
magnetic equivalence. A, B nuclei have slightly different
magnetic equivalence.
( c ^ Chemical shifts are in units upfield from trimethylphosphite
(TMP).
*The A, B nuclei are nearly magnetically equivalent. In these




P Magnetic Resonance.Data of 7-Methyl Guanosine
Phosphate m G(5*)P^X^^'^ Analogs.






m^GpppG A* 1 14.643 1481.324
B* 1 14.669 1484.375
X 1 26.462 2678.223
m^GpppA A 1 14.564 1473.999
B 1 14.757 1493.530
X 1 26.252 2657.471
m^GpppU A 1 14.570 1474.609
B 1 14.739 1491.699
X 1 26.269 2658.691
m GpppC A 1 14.510 1468.506
B 1 14.739 1491.670
X 1 26.244 2656.250
C
X may be any of the naturally occurring bases gf ribonucleic
acid, guanine, adenine, cytosine, uracil, or N methyladenine.
The notation A, B, X is used to indicate nuclei of differing
magnetic equivalence. A, B nuclei have slightly different
magnetic equivalence.
( c) Chemical shifts are in units upfleld from trimethylphosphate
(TMP).
*The A, B nuclei are nearly magnetically equivalent. In these
Instances, they are nondlscernible.
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Table 4. Comparison of P Resonances for the. Structure
G(5')ppp(5')G and m G(5')ppp(5’
Molecule Nuclei^ PPM+0.001 Hz+O.OOl Hz
GppG A* 14.145 1431.552
B*
X 25.785 2609.715
m^GpppG A* 14.643 1481.934 50.382
B*
X 26.462 2678.223 68.504
GpppC A 14.528 1470.337 38.785
B** 14.715 1489.258 57.706
X 26.257 1657.471 47.756
m^GpppC A 14.510 1468.506 36.954
B** 14.739 1491.670 60.118
X 26.244 2656.250 46.535
X may be any of the regularly occurring basgs found in
ribonucleic acid and also may be the base N methyladenlne.
The initial molecule G(5')ppp(5')G will be used as the
reference molecule. All other molecules will be compared to
it.
The letters A, B, and X are used to denote the individual
phosphorus nuclei. A and B resonate at low field and are
similar magnetically. X resonates at high field.
*A and B nuclei are very similar magnetically. In these Instances
they are indistinguishable.
**The G(5')ppp(5')G has both phosphorus nuclei (A and B) having the
same shift. The B phosphorus of all other analogs are reference to
the A, B resonance of the G(5')ppp(5')G.
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accompanied by an upfield shift of the phosphorus resonances with
the different bases. The two nuclei resonating in the 14 ppm
region shift upfield by 46.7 and 51.992 hertz when the second base
is adenosine and uridine, respectively. Cytosine as the second base
results in the two nuclei resonating at two distinctly different
resonance frequencies, 38.79 and 57.71 hertz upfield of the two end
phosphorus nuclei of G(5')ppp(5')G. In the m^G(5')ppp(5*)X series,
varying the second base resulted in a shift of 2-6 Hz further
upfield for the nuclei resonating in the 14 ppm region. The nuclei
resonating in the 25 ppm region were shifted by 21 Hz initially and
then only a slight shift was observed. The homologous series
m^G(5' )ppp(5' )X demonstrated clearer separation of the peak
multiplet in the 14 ppm region.
A general effect appears to be that the substitution of the
second base results in an upfield shift which appears to be
partially cancelled by the effect due to methylation at position
seven of guanine. In the G(5')ppp(5’)X series substitution of bases
at position X results in an upfield shift of the phosphorus nuclei
(Table 2). Comparing G(5*)ppp(5*)G with m^G(5')ppp(5')G, a shift of
both phosphorus nuclei resonating in the 14 ppm region to higher
field is indicated, (see Table 4). The nuclei not only shifted to
higher field but also exhibited slightly different (by 3.05 Hz)
resonance absorptions. This indicates that when all other factors
are constant, methylation at position seven influences the nuclei
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in the phosphate bridge. Comparing the spectra of G(5')ppp(5’)A
with m^G(5’)ppp(5')A, G(5')ppp(5')U with m^Gppp(5')ppp(5')U, and
G(5')ppp(5’)C with m^G(5')ppp(5*)C indicates that the effect of
seven methylation causes one of the phosphorus nuclei (resonating in
the 14 ppm region) to resonate at slightly lower field and the other
nuclei to resonate at a higher field than the corresponding phos¬
phorus nuclei of the nonmethylated counterpart (see Tables 2 and 3).
It has been documented that guanine containing nucleotides
prefer the syn glycosyl conformation allowing interaction between
the 5'-phosphate and the amino group of the base (68). There has
been postulated that 7-methylation and 5'-phosphorylation of guanine
containing nucleotides lead to an equilibrium blend of conformers in
the syn and anti domain. The anti domain is stabilized by
Interaction between the positively charged N(7) of the guanine base
and the phosphate group (7). Therefore, the possibility of
base-phosphate interactions exists in both cases. Existence of
7-methylation and 5'-phosphorylation is thought to restrict the
flexibility of the glycosidlc linkage. This restricted geometry
about the glycosidic linkage may result in an accompanying
restriction in the geometry of the sugar-phosphate backbone (41). A
correlation has been proposed for phosphorus chemical shifts and
O-P-0 bond angles (69). The postulations that would restrict the
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glycosyl torsions upon 7-methylation and 5'-phosphorylation would in
turn limit the geometry of the phosphodiester bridge. With an
essentially static O-P-0 bond angle there would not be expected an
appreciable shift of the phosphorus nuclei in the series
m^G(5')ppp(5' )X. The data in tables 2 and 3 demonstrate very slight
shifts in the resonance frequencies of the phosphorus nuclei of the
7
series m G(5')ppp(5')X as the base at the pentultimate position is
varied.
It appears that the methylation at position seven exerts an
effect by restricting the geometry about the phosphodiester
backbone. In the series m^G(5')ppp(5')X small differences in the
resonance absorptions were noted. This suggests that once
methylation occurs varying the base at the pentultimate position is
essentially ineffectual in perturbing the phosphodiester backbone.
One other explanation is that the effects due to the methylation and
those due to variation of the base partially cancel each other.
The data clearly demonstrate that the phosphorus nuclei undergo
some type of Interaction. The individual bases are removed from the
phosphorus nuclei by six covalent bonds. The possibility of greatly
influencing the phosphorus nuclei from this large a distance is
remote. This probably accounts for the observation noted in the
series G(5')ppp(5’)X;
(a) The appearance of the resonance lines of the two end
phosphorus occurring as to be nearly identical;
53
(b) the two lines became slightly broader as the base at the
second position was varied;
(c) substitution of the base at the pentultlmate position did
cause a shift In the resonance frequencies of the phosphorus
nuclei.
Variation of the bases has a more pronounced effect as the base at
the pentultlmate position became greatly dissimilar to guanine,
1.e., a pyrimidine.
Observation of broad resonance lines In the spectra may suggest
overlapping lines of a spectriim and unclear resolution. In an
attempt to evaluate whether the spectra were composed of lines
belonging to nuclei resonating very close to each other and
overlapping of some lines, experiments were performed utilizing a
higher field NMR Instrument. Spectra recorded utilizing a 600 MHz
NMR Instrument should result in an Increase in the separation
between the lines of the spectra. The compounds selected for
observation at 600 MHz are G(5')ppp(5')G, m^G(5’)ppp(5')G,
G(5’)ppp(5*)ppp(5')C, m^(5')pPP(5’)C, and G(5')pppp(5’)G.
Experiments were Initially conducted under phosphorus-proton coupled
conditions. Spectra obtained under proton coupling conditions
yielded a complex multiplet In a region fourteen parts per million
(ppm) upfield of the reference. The region farthest upfield (25
ppm) remained as a triplet (appearance of a triplet). Figure 16
illustrates the 600 MHz spectrum of G(5')ppp(5’)G under proton
coupled conditions. The expanded spectra of the multiplet in the 14
54
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31
-5800 -6000 -6200 -6400
Fig. 16. P proton coupled spectra of G(5’)ppp(5')G recorded at
600 MHz.
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ppm region gives the appearance of a doublet, each line of which is
separated into a triplet and each line of the triplet is further
separated into a doublet. The resultant spectrum is a doublet of
triplets of doublets. Coupling of the phosphorus nuclei explains
the splitting pattern. The two phosphorus nuclei bonded to ribose
0-5' at each end of the 5'-5' phosphate bridge were demonstrated to
be equivalent by broad band proton decoupled spectra taken at 250
MHz (Fig. 8). These two phosphates are coupled to the middle
31 31
phosphate of the 5'-5' bridge. This P-0- P coupling results in
the formation of a doublet with spacing between the lines of 18.6
hz. Eighteen to twenty-two hertz are the normally expected
31 31
couplings of P-0- P in phosphate diester.
Spacing between the lines which compose the triplet are on the
order of five hertz. Coupling between the protons of ribose C-5'
and phosphorus explains the observed splitting patterns. Ribose
C-5' has two protons attached and it has been demonstrated in
5'-mononucleotides that these protons couple to the phosphorus
nuclei spitting the lone phosphorus resonance peak into a triplet
(14,57). ^J(^^P-O-C-H) on the order of five hertz is indicative of
the gg conformation in mononucleotides and 1.9 hertz and four bond
coupling of 1.7 hertz and greater in 5'-mononucleotides has been
attributed to an all trans structure (a W shaped structure) between
the phosphorus nuclei and H-4' (Figure 5). This all trans structure
is thought to account for the large observed coupling (14,70).
Spectral peaks in the 25 ppm region give the appearance of a triplet
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and result fromthe coupling of the two end phosphorus nuclei to the
phosphorus nuclei in the center of the phosphate bridge. Figure 17
depicts the spectra generated by the computer interactive NMR
program. The PANIC computer spectra generating program of Bruker
Instruments was used to produce spectra based on the coupling
constants and chemical shifts which may be derived from actual
experimental spectra. The computer generated spectrum (Figure 17)
resembles the spectrum of Fig. 16. This Implies that the spectrum
31 31 31
is illustrative of P nuclei coupled via normal P-0- P coupling
and also to the protons bonded to C-5' and C-4' of the ribose
component in the structure.
31 1 7
Complex spectra resulting from P- H of m G(5 ' )ppp(5 ’ )G are
depicted in the spectra illustrated in Figs 18-21. An intricate
arrangement of resonance lines appear in the multiplet of the 14 ppm
region. This multiplet consists of a pattern of resonance lines too
complicated for direct analysis. Chemical shifts of the phosphorus
nuclei which compose the multiplet are known from 250 MHz broadband
spectra (Fig. 12). Assistance of the NMR simulation program in
order to assess the coupling constants was employed. Figure 21
depicts the spectra generated by computer simulation. Coupling
constants which generated the spectra are listed in Table 5.
31 1
Coupled spectra obtained from the 600 MHz P-' H NMR experiments of
G(5')ppp(5')C are portrayed in Figures 22-25. The 600 MHz coupled
NMR spectra strongly Indicate that the multiplet in the 14 ppm
region may be attributed to a set of doublets. Each phosphorus
nucleus bonded to 0-5' of the ribose is represented by a doublet in
57
Fig. 17. Computer simulated proton coupled P resonance spectra of
G(5*)ppp(5’)G.
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Fig. 18. Proton coupled P resonance spectrum !of m G(5*)ppp(5')G






Proton coupled P resonance apectruin of m G(5*)ppp(5*)G







Computer simulated P resonance spectra of
m^G(5')ppp(5')G.
Table 5. 31Chemical shifts and P coupling constant values of proton coupled Pspectra at 243.1 MHz.










































-3146.34 18.418 19.54 5.74 5.70 2.540 2.544
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G(5') PPP(5')C
L I I— I I I I I J 1 L . -J -J. I 1
-3000 -3100 -3200 -3300 -3400 -3500 -3600 -3700
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-5700 -5800 -5900 -6000 -6100 -6200 -6300
Fig. 22. Proton coupled P resonance spectra of G(5’)ppp(5^)C
recorded at 243.1 MHz.
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Fig. 23. Computer simulated proton coupled P resonance spectra of
G(5’)ppp(5’)C.
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-3020 -3060 -3100 -3140 -3180 -3220 -3260 -3300
Fig. 24. Proton coupled (top) and decoupled (bottom) spectra of
')PPP(5’)C recorded at 243.1 MHz. The region 14 ppm
upfleld of the reference is Illustrated.
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Fig. 25. Computer simulated proton coupled P spectra of
G(5•)ppp(5')C expanded to Illustrate couplings.
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the spectrum. These doublets arise due to coupling of the center
phosphate with each of the phosphorus nuclei at the ends of the
phosphate bridge. The two nuclei at the end of the phosphate bridge
have different resonance frequencies. Each line in the set of
doublets is demonstrated to undergo coupling to the ribose protons
attached to carbons C-5' and C-4'. Computer simulation confirms the
direct analysis of the 14 ppm region multiplet. Broad lines have
been observed for the middle line of the triplet which occurs in the
25 ppm region. This is evidenced in the m^Gppp(5')G, G(5')ppp(5*)C,
and m^G(5')ppp(5')C. Computer simulation depicts a center line of
the triplet broader than the outer two lines. This indicates that
the center line of the triplet may actually arise from two lines
which are positioned very close to each other and may overlap. The
spectra in Figure 24 clearly ilustrate that the lines in the 14 ppm
2
region arise from two distinct sets of doublets. The H decoupled
spectra removes the ambiguity which existed in the spectrum due to
incomplete resolution. The spectra of m^G(5')ppp(5')C illustrated
in Figures 26-28 is too intricate for direct analysis. Figure 28
31 1 31
illustrates the 14 ppm region in both the P- H coupled and P
31
decoupled resonances. The decoupled P spectrum depicts the 14 ppm
multiplet as resulting from a set of doublets. Phosphorus nuclei
bonded to 0-5' are absorbing at difference resonance frequencies.
Methylation at position seven appears to have caused the two end
phosphorus nuclei to resonate at frequencies closer to each other
than the end nuclei in the molecule, G(5')ppp(5')C. This may be due
L
-3000 -3040 -3080 -3120 -3160 -3200 -3240 -3280
-5760 -5800 -5840 -5880 -5920 -5960 -6000 -6040
31 7
Fig. 26. Proton coupled P resonance spectra of m G(5')ppp(5')C
recorded at 243.1 MHz.
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Fig. 27. Computer simulated proton coupled
m G(5’)ppp(5’)C.
31
P resonance spectra of
70.
1 I I I I 1 1 1-. 1 ■■ ■ . I I 1
-3020 -3060 -3100 -3140 -3180 -3220 -326iL
l L L . I L
-3125 -3130 -3135 -3140 -3145 -3150 -3155 -3160
Ftg. 28» Pyoton coupled (top) and decoupled (bottom) spectra of
m G(5')ppp(5')C illustrating the region 14 ppm of the
reference.
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to interactions resulting from methylation which restrict the
phosphate backbone (Tables 6 and 7). The inner resonance lines of
the 14 ppm multiplet pertaining to m^G(5*)ppp(5')C actually overlap.
Corresponding lines in the G(5*)ppp(5')C spectrum are distinctly
separated from each other. This once again appears to confirm a
partial cancellation of the effect attributed to the bases by
methylation at position seven. The coupling constant values which
result in a reasonable simulation of the spectrum are in the range
which indicate a gauche,gauche conformation and the all trans
structure of phosphate to H-4’ bonds. This indicates that the
molecules retain a gauche, gauche conformation about the 0,5*-C,5'
bond. The all trans P-0-C-C-H,4' structure indicates that the bases
exist in the anti conformation. Perspective views and
three-dimensional views of the cap structure analogs also appear to
confirm this view of the molecules configuration. These views were




Table 6. Phosphorus O-P-0 Bond Angles in 5'-Terminal Analogs*
Compound 0-P-0^’^( ) 0-P-0( ) 0-P-C( )
Anti m^GTP 114.00 111.50 109.50
(Syn) m^CTP 114.00 111.50 109.50
G(5')ppp(5')G 115.02 114.20 113.99
m^G(5')ppp(5')G 115.13 114.68 114.20
G(5')ppp(5')C 119.32 118.35 118.136
m^G(5')ppp(5')C 115.833 114.89 114.36
(1) P is the phosphorus at^m bonded to 0-5' of the ribose
connected to the base m Guanosine*
(2) P is the atom bonded to 0-5' of the ribose of guanosine in the
molecule G(5')ppp(5')C and the first atom in reading from left
to right in the symmetrical molecule G(5')ppp(5')G.
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o
Table 7. Distances (A) Between Charged Centers in mRNA 5'-Terminal
Analogs.
Compound P = 0 P = 0 ►u u 0
(Anti) m^GTP N(7) 4.688 5.048 6.823
(Anti) m^GTP C(8) 4.508 5.473 7.461
(Syn) m^GTP N(7) 7.414 9.000 11.485
(Syn) m^GTP [N(2')H)] 2.054 3.783 6.54
(Syn) m^GTP N(3)
G(5’)ppp(5')G (N7) 5.857 7.887 10.701
G(5')ppp(5')G (C8) 5.023 7.095 9.913
m^G(5')ppp(5' )G (N7) 5.707 7.863 10.696
m^G(5’)ppp(5' )G (C8) 4.891 7.087 9.920G
G(5’)ppp(5’)C (N7) 5.474 7.892 10.894
G(5')ppp(5')C (C8) 4.7999 7.210 10.177
m^G(5*)ppp(5' )C (N7) 5.660 7.884 10.716




Flg« 29. The dimensional representation of m G(5')ppp(5')C.
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Fig. 30. Perspective view of G(5')ppp(5')C.
76
Fig. 31» Perspective view of the conformation of G(5*)ppp(5‘)C
illustrating the Inplane arrangement of the bonds
extending from the proton of C-4' to the adjacent
phosphorus atom.
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Fig. 32. Perspective view of m G(5' )ppp(5' )G.
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Fig. 33. Perspective view of m^G(5')ppp(5’)G illustrating the
inplane W arrangement of the bonds extending from the
proton of ribose C-4’ to the adjacent phosphorus atom*
79
Ftg. 34« Perspective view of G(5')ppp(5')G.
CONCLUSION
Information obtained via P magnetic resonance studies on
model compounds which mimic the mRNA 5'-terminus revealed some
configurational peculiarities. Methylation at position seven of
guanine appears to have its greatest effect in perturbing the
environment of the phosphorus nuclei bonded to 0-5' of the m^G
ribose. Perturbing the environment of the phosphorus at one end of
the 5*-5* bridge results in magnetic dissimilarity of the two
phosphorus atoms. This slight magnetic dissimilarity occurred even
though the phosphorus nuclei are similar in that they are both
bonded to the central phosphate and then to 0-5' of their respective
ribose. This dissimilarity may be in the electronic environment
experienced by the phosphorus nuclei at the ends of the
phosphodlester bridge. This confirms interaction between the base
and the phosphodlester bridge and also between the positively
7
charged N(7) of the base m guanine and the phosphodlester bridge.
One other possibility is that the methylation at position seven of
guanine severely restricts the O-P-0 bond angles of the phosphate
bridge. This would result in a decrease in the effects experienced
by varying the base at the pentultimate position. This would also
suggest that varying the base at the pentultimate position exerts an
effect on the 5'-5' bridge by inducing local bond angle shifts.
This would then hold with the predicted theory of the changing O-P-0
31
bond angle and a corresponding shift in the P resonance of
80
81
phosphate ester, as was evidenced in Tables 6 and 7. It appears
that the presence of different bases at the ends of the 5'-5*
phosphate bridge does exert an influence on the environment
experienced by the phosphorus nuclei. Comparing the resonance data
of molecules with unsymmetrlcal bases at the ends of the phosphate
bridge with those whose bases are symmetrical results in the
observation of an upfield shift. This upfield shift occurs in both
nonmethylated and methylated analogs.
31 1
The cap structure analogs demonstrated long range P- H^,
coupling constants which gave an indication of the spatial arrange¬
ment of the respective components of the cap analogs. The large
coupling observed results when C4'-C5' and C5’-05' are predominantly
oriented in gg and g'g' conformations producing a zig-zag "W”
inplane path between t and the phosphorus atom bonded to 05'. The
Inplane ”W" path between the phosphorus and is also indicative
that the glycosidic torsion is in the anti domain. The long range
couplings observed yield some inferences about the overall
conformations and spatial arrangements of the cap structure analogs.
Existence of the cap structure analogs in a preferred
configuration may then imply that the physiological function of the
structures may be conformationally dependent. Cap structures in
higher eucaryotes have cytosine as the predominant base in the
pentultlmate position. Cytosine as the pentultlmate nucleotide
resulted in couplings which strongly suggests the spatial
arrangements above. Thus, there may be a direct structure
(configuration) function relationship for the mRNA cap structure.
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